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Abstract 
Bottom‐up fabrication of metallized biotemplated nanostructures to form specific plasmonic 
nanoresonators holds promise as a means of achieving large‐scale optical metamaterials. However, in 
contrast to top‐down methods, the stochastic growth of self‐assembled nanoresonators is prone to 
significant disorder and surface roughness, which naturally raise an important question about the 
robustness of their resonant properties in terms of structural imperfections. An 
aggregated‐random‐sphere model is developed to mimic the nucleated growth of metallized DNA origami 
assembly, leading to meta‐atoms with realistic, experimentally observed morphological disorder and 
surface roughness. Using the well‐known split‐ring‐resonator (SRR) motif as an example, the resonant 
properties of meta‐atoms under different levels of roughness are investigated and a strong tolerance of 
optical response against morphological disorder is revealed. It is found that in SRRs, even with dramatic 
roughness introduced, the expected resonances are still observed, despite broadening line shapes 
compared to ideal smooth structure. Only for extreme disorder, which causes drastic segmentation of 
SRRs, does the resonant response disappear. The demonstrations are very encouraging for the prospects 
of bottom‐up fabrication toward versatile functional metamaterials and metadevices. 
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Abstract
Bottom-up fabrication of metallized bio-templated nanostructures to form specific plasmonic
nano-resonators holds promise as a means of achieving large-scale optical metamaterials. How-
ever, in contrast to top-down methods, the stochastic growth of self-assembled nanoresonators is
prone to significant disorder and surface roughness, which naturally raise an important question
about the robustness of their resonant properties in terms of structural imperfections. We develop
an aggregated-random-spheres model to mimic the nucleated growth of metallized DNA origami
assembly, leading to meta-atoms with realistic, experimentally observed morphological disorder
and surface roughness. Using the well-known split-ring-resonator (SRR) motif as an example, we
investigate the resonant properties of meta-atoms under different levels of roughness and reveal
a strong tolerance of optical response against morphological disorder. We find that SRRs, even
with dramatic roughness introduced, the expected resonances are still observed, despite broad-
ening line-shapes compared to ideal smooth structure. Only for extreme disorder, which causes
drastic segmentation of SRRs, does the resonant response disappear. Our demonstrations are very
encouraging for the prospects of bottom-up fabrication toward versatile functional metamaterials
and metadevices.
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INTRODUCTION
In the past two decades, the concept of metamaterials, i.e., artificial composites based on
judiciously designed subwavelength building blocks (meta-atoms), has opened up unprece-
dented opportunities in tailoring wave propagation for a wealth of new functionalities across
many disciplines of science and engineering [1–7]. Significant development in micro- and
nano-fabrication methods [8] has greatly advanced the realization of various metadevices,
enabling versatile practical applications ranging from the terahertz up to the visible regime
[9–15]. To date, most of functional metamaterials and metasurfaces (the two-dimensional
form of metamaterials) [16–21] have been fabricated with traditional top-down approaches,
such as electron-beam lithography [22], nanoimprinting [23, 24] and direct laser writing
[25]. However, due to the complex architectures of meta-atoms, these top-down fabrication
methods are generally expensive and time consuming, severely limiting the scalability and
feasibility to achieve macroscopic-sized materials and devices. Bottom-up fabrication tech-
nologies, such as molecular self-assembly [26] and recently invented DNA origami [27], are
promising strategies capable of mitigating these drawbacks and achieving large-scale opti-
cal metamaterials. These bio-inspired self-assembled structures can then be harnessed as
templates, by transferring their complex spatial information into metal nanostructures, to
further build novel plasmonic materials and devices for diverse functionalities [28–32]. Such
procedures are challenging yet can be achieved via different approaches, including direct
nanoparticle patterning [29, 33], chemical growth of seeded particles [34–39], and DNA-
assisted lithography [40]. Nevertheless, the resulting plasmonic structures are prone to pos-
sess morphological disorder and surface roughness inherently associated with the stochastic
nature of the self-assembly and growth processes.
Metasurfaces are designed to form effective materials where the optical properties are
determined by the averaged response of the constitutive sub-wavelength nano-resonators
(meta-atoms) on a length scale much larger than the unit cell or the average spatial sep-
aration between meta-atoms. Therefore, the scattering from a metasurface is expected to
exhibit a certain degree of invariance or robustness against disorder in the local microscopic
response of the meta-atoms. However, for any practical application the characteristics of
the particular type of disorder must be understood and properly modeled; its effect on the
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destroy the resonant response of a metasurface, but how much is too much? There have
been various studies of the effect of disorder on the effective resonant response of meta-
materials, both theoretical and experimental. Early attempts have studied deviations from
perfect spatial periodicity of the same meta-atoms [41], analytic models with randomly dis-
tributed parameters of abstract local linear resonant scatterers [42, 43], followed by studies of
randomly changing local geometric parameters of physical meta-atoms that constitute three-
dimensional metamaterials [44–46]. All find resonance broadening and disorder-induced loss
to varying degree. This indicates that for a predictive evaluation of tolerable disorder the
actual disorder mechanism and morphology of the metasurface are critical and need to be
considered for the specific application.
The examples of our preliminary experimental samples shown in Fig. 1(a) serve to mo-
tivate the structure and morphology of our theoretical model of metallized DNA meta-
atoms [39], whereby an important question naturally arises about the robustness of the
optical response of metamaterials fabricated by this specific approach. In this paper, we
will address this problem by applying different levels of morphological disorder and random
surface roughness to meta-atoms and statistically analyzing their influence to the optical
response of the metamaterial. We will demonstrate surprising levels of tolerance of the
fundamental resonant modes of the subwavelength meta-atoms against both experimentally
relevant levels of morphological disorder and surface roughness as well as the weak im-
pact of meta-atom density through inter-unit-cell interaction. These results provide strong
support for the feasibility of the bottom-up approach of self-assembled DNA-templated met-
allized nano-resonators for meta-atoms and present important guidance for both theoretical
and experimental investigations toward future optical nano-structured materials. Metallized
DNA-templated self-assembly of specifically shaped plasmonic nano-resonators as a means
to fabricated meta-atoms for optical metasurfaces (and, potentially, bulk metamaterials) is
of great real-life interest as it may provide the solution for the scaling problem of optical
metamaterials and metasurfaces beyond “purely academic” sized samples. The relevance for
the experiment is that our numerical investigation provides (i) quantitative insight into how
the specific nature of the experimentally motivated model of morphological disorder inherent
to this type of bottom-up self-assembly will effect the optical properties of the desired meta-
surface and (ii) to provide approximate upper bound on how much morphological disorder
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response of the metasurface fabricated by this method. The latter point is especially impor-
tant to provide some guidance to the fabrication as to how to optimized the metallization
and what levels of seeding density and repeated metallization cycles are required to achieve
acceptably smooth surfaces such that the self assembled meta-atoms behave comparably to
their lithographically fabricated analogs.
RESULTS AND DISCUSSION
We choose the well-known split-ring-resonator (SRR) motif as an example of a metamate-
rial building block that is capable of producing a magnetic resonant response at wavelength
down to the near infrared [2, 4, 5, 47]. With the magnetic resonance being targeted near the
telecommunication wavelength λ ∼1.55 µm, a designed SRR unit with ideal shape profile is
schematically shown in Figs. 1(b) and (c): the width and thickness of the ring are 40 and 20
nm, respectively, the gap size g = 10 nm, and the inner diameter d = 60 nm. Thus the outer
diameter of the ring is 140 nm, making the size of the meta-atom about an order of magni-
tude smaller than the wavelength of light at resonance. In our following studies, we consider
the SRRs are made of silver (Ag), which is modeled with the measured data of complex
permittivity (ε) by Johnson and Christy [48], and are excited under normal incidence with
the electric field E parallel to the gap to effectively induce the deep-subwavelength magnetic
response of interest [see Fig. 1(c)]. For simplicity, we assume the SRRs to be free-standing
to focus on the optical responses of SRR itself and set in a periodic array with lattice con-
stant a, forming an SRR metasurface for investigations. Performing numerical scattering
simulations using the commercial software COMSOL Multiphysics, we can easily obtain the
scattering properties including both reflection (R) and transmission (T ) information of the
metasurface (for details see the Supporting Information, section VIII). From the scattering
amplitudes, we retrieve its effective sheet electric conductivity (σe) via the relationship of
σe = 2(1 − R − T )/(1 + R + T ), where σe has been normalized with respect to the wave
impedance ζ and is dimensionless [49]. The retrieved spectrum of σe for the ideal SRR with
a = 400 nm is presented in the upper part of Fig. 1(d) (solid curve is for Re[σe] and dashed
curve for Im[σe]). As expected, we see two resonant features: the magnetic mode occurs
at ∼185 THz and the electric dipole mode at ∼519 THz. Note that the response of the
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original values, in order to clearly show the magnetic resonance (fundamental mode), which
is of particular interest. It is convenient to discuss the scattering response of a metasurface
in terms of its effective complex electric (and magnetic) sheet-conductivities σe (and σm) as
these quantities uniquely describe the electromagnetic behavior of the metasurface in the ef-
fective medium limit. However, we also present the corresponding scattering and absorption


























FIG. 1. Simulation of self-assembled metallized DNA origami metamaterial elements via
aggregated-random-spheres model to capture effects of morphological disorder and surface rough-
ness. (a) Example SEM images of typical experimentally fabricated metallized-DNA nano-
resonators grown by electroless metallization of DNA-origami templates to illustrate realistic mor-
phology and roughness. (b) An example of a “moderately rough” SRR constructed by 120 random
spheres, with radius between 8 to 9 nm, accumulating inside of the shape-profile of the ideal SRR.
(c) Schematic of the SRR unit under excitation with indicated polarization, where inner diameter
d, width w and thickness t of the ring are 60, 40, and 20 nm, respectively, and the gap size g = 10
nm. (d) Comparison of retrieved sheet electric conductivity σe between the ideal SRR (top) and the
example “moderately rough” SRR (bottom). The inset shows the circulating current distribution
at 182 THz, corresponding to the electrically-induced magnetic resonance mode.
Referring to the scanning electron microscopy (SEM) images of example metal nanos-













This article is protected by copyright. All rights reserved.
approximate the random disordered structure of the metallized-DNA building blocks with
a disordered aggregation of random solid spheres confined to the volume shape of the SRR
as a model to realistically capture both morphological disorder and surface roughness of the
meta-atoms (details of this construction are provided in the Supporting Information, section
VIII). We firstly introduce a moderate level of surface roughness to the designed SRR by
settling inside of the SRR outline 120 spheres at random positions, with radii chosen ran-
domly between 8 to 9 nm, and then generating an ensemble of 100 sample SRRs, which are
varied in morphology and even in topology (see the Supporting Information, section I). From
the sampling at this level of roughness (denoted as “moderately rough” SRRs hereafter),
we arbitrarily picked No. 82 as an example and show it in Fig. 1(b), aligned with the ideal
SRR for an intuitive comparison. Following the same procedure of numerical simulation
and retrieval, in the bottom part of Fig. 1(d), we show the spectrum of σe for this specific
“moderately rough” SRR with a = 400 nm under the same external excitation. In contrast
to the σe-spectrum of the ideal SRR, we see multiple resonance features throughout the
frequency band of 100-600 THz for the “moderately rough” SRR. However, the circulating
current distribution presented in the inset of Fig. 1(d) confirms that the prominent feature at
around 182 THz indeed corresponds to our targeted magnetic resonance, with the strength
comparable to that of the ideal SRR. In addition, the specific morphology of the structure
results in the excitation of some hybridized modes, leaving several extra resonance features
above 300 THz in Fig. 1(d). When we survey all the retrieved σe spectra of the 100 sample
“moderately rough” SRRs (see the Supporting Information, section I), we surprisingly find
that the magnetic mode always survives between 100-300 THz regardless of the detailed
morphology and topology of the SRR, showing fairly strong robustness of the fundamental
resonance of the meta-atom.
In our above discussions, the spacing between SRRs, a, was assumed to be 400 nm.
Provided the outer dimension of the SRR itself is ∼140 nm as designed, we can consider
the in-plane filling ratio or density of SRRs, ρ, to be approximately 7/20. In the view
of DNA self-assembled metasurfaces, ρ is in fact a very important factor in determining
the overall optical responses of the system. Therefore, here we explore this behavior to
identify the level of ρ, at which, the mutual coupling of building blocks can be negligible.
The investigations are conducted based on systems of supercells constructed with different
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(d)
FIG. 2. Effect of inter-unit-cell interactions: Extinction spectra of super-cells in comparison to
the averaged response of the composing SRRs. (a), (b) and (c) are for 2×2 super-cell SRRs with
element separation a being 400, 300, and 200 nm, respectively. (d) is for a 3×3 super-cell SRR
with a = 400 nm.
elements, but also by comparing it to the averaged response of individual structures, we are
able to directly examine the effect of mutual coupling. An an example, we arbitrarily pick
four different structures from the generated 100 “moderately rough”-SRR samplings, i.e.,
No. 64, 65, 73 and 49, forming a 2×2 supercell with the spacing between elements a. In
Figs. 2(a)-(c), we show schematically the supercell array at three different spacings, i.e.,
a = 400, 300 and 200 nm, respectively, with the SRRs packing gradually getting denser
with decreasing lattice constant a. Next to each configuration, we show the comparison of
supercell response (solid black curve) and averaged response of individual SRRs (red-symbol
curve) in the extinction spectra, i.e., 1 − |T |2, where the |T |2 represents the transmitted
energy for the same polarization of excitation. Unlike the supercell response, which can be
directly obtained from the simulation, the average extinction spectrum is based on a two-
step procedure: First, at each spacing level, we conduct the simulation to a periodic array of
each individual composing SRR for S-parameters, from which we retrieve the corresponding
effective σe; second, with the inverse of the retrieval, we translate the averaged σe to the
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the supercell and average response, indicating that the mutual coupling between SRRs is
weak and essentially negligible at the relevant spacing level of a = 400 nm. When the
spacing a decreases to 300 nm, we find a noticeable difference between the supercell and
average response [see Fig. 2(b)], which indicates the existence of considerable interactions
of neighboring building blocks in the supercell. Upon further decreasing a to 200 nm,
SRRs are more densely packed together, and Fig. 2(c) shows a significant deviation between
the two response curves, a clear indication of strong mutual coupling of elements at this
inter-element spacing. In addition, Fig. 2(d) shows an example of 3×3 supercell, which
is built by 9 randomly chosen SRRs from the 100 samplings, i.e., No. 72, 86, 38, 26,
22, 15, 33, 27 and 42, and displays a nearly-perfectly overlapped extinction spectra for
the supercell and average response, further indicating that a spacing level a = 400 nm is
sufficient for neglecting the mutual coupling of neighboring SRRs. It should also be noted
that the scattering response of the metasurface fundamentally differs from that of a single
scattering meta-atom, even for the case of negligible (near-field) mutual coupling between
neighoring SRRs because the interference of the propagating collective far-fields of the SRRs
also changes the effective strength and radiative damping for the local resonantors in the

























FIG. 3. Effect of disorder strength: Split-ring structures constructed with 300 (a), 120 (b) and 60
(c) random spheres and corresponding retrieved sheet electric conductivity. The insets show the
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We further explore the robustness of the optical responses of the SRRs, especially the
magnetic resonance, with respect to different levels of surface roughness. Although the
goal for the experimental metallization process is to produce a smooth, conformal coating
of the DNA template, the fundamental nature of the nucleation and growth process will
ultimately result in some level of roughness. Therefore, it is essential to obtain an estimate
to understand and predict at what level of disorder the fabricated meta-atoms are still
expected to yield usable resonant response. To compare to the case of “moderately rough”
SRRs formed by 120 spheres in the above, we construct two other sets of rough SRRs, which
have either 300 or 60 spheres, with radii still randomly between 8-9 nm, positioned inside
of the designed ideal SRR profile [see Fig. 1(b)]. These are denoted as “fairly smooth” (300
spheres) and “very rough” SRRs (60 spheres), respectively. For both levels of roughness,
we randomly generate ensembles of 100 samples each. Sections II and III of the Supporting
Information show the portraits of all the SRRs, next to which is the calculated spectrum of
sheet electric conductivity σe for the metasurface of periodic SRRs with lattice constant 400
nm under the same polarized excitation. In Fig. 3, we show randomly chosen representatives
No. 91 and 27 from the generated 300- (a) and 60-sphere (c) ensembles, respectively, together
with another 120-sphere (b) sampling, i.e., No. 22, for an intuitive comparison. It is seen in
Fig. 3(a), the σe-spectrum of the “fairly smooth” SRR example shows two clear resonance
features, corresponding to the magnetic and electric dipole modes, respectively, and we
show the circulating current distribution of the SRR in the inset to identify the nature
of the resonance at ∼191 THz (position indicated by the black arrow). The “moderately
rough” SRR example in Fig. 3(b) has very similar overall response as the one in Fig. 1, i.e.,
a magnetic resonance, with corresponding current distribution shown in the inset, exists
at the low frequency side ∼183 THz, and several higher order modes occur above 300
THz. In contrast to these, the response of the “very rough” SRRs, indicates that this
structure composed of 60 spheres is insufficient to form a continuous ring path, which leads
to segmentation into multiple isolated fragments instead (see the Supporting Information,
section III). Due to the complicated morphology and topology of the “very rough” SRRs, the
corresponding optical response becomes very unstable, i.e., various local resonance modes
may exist and even the magnetic resonance will delocalize over a broadband range. For the
“very rough” SRR example in Fig. 3(c), a series of resonance features is observed within
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this specific example (see the current distribution in the inset at ∼192 THz), the robustness
of the mode is weak in view of the responses of other samples at this level of disorder.
We have seen that all of the 100 randomly generated “fairly smooth” SRR samples show
two prominent resonance features within 100-600 THz, indicating very robust optical re-
sponses of SRRs at this roughness level comparable to the response of the smooth ideal
SRR. However, it should also be noted there exists some variation of the location of each
mode depending on the specific morphology of each sample structure and some additional
local resonance modes may appear, but they are quite weak (see the Supporting Informa-
tion, section II). In order to compare the distribution of resonance features, we analyze
the distribution of resonance frequencies for the magnetic and electric dipole modes. To






− iωB, where the first two terms are from the Lorentz re-
sponse of the susceptibility χe for each mode (σe = −iωε0χe with ε0 free-space permittivity)
and the third term is due to the background response of χe, summarily contributed by all
other higher-order modes at higher frequencies. The circular frequencies ω1,2 = 2πf1,2 and
collision frequencies γ1,2 of the two modes, together with the coefficients C1,2 and B are the
parameters to be determined in the fitting. Following the excellent agreement between the
retrieved σe spectra and fittings (not shown), we extract the fitted f1 and f2 values of all
100 samples and plot the histogram in Fig. 4(a) showing the distribution of two modes in
the spectrum. The actual numeric values are provided in Table S1 in the Supporting In-
formation, section VII. The locations of the magnetic and electric dipole modes are around
195 and 505 THz, respectively, both following normal distributions [red lines in Fig. 4(a)].
Therefore, we can see at the “fairly smooth” level, SRRs constructed with 300 random
spheres possess very robust optical resonance properties.
Above we have shown that the mutual coupling between SRRs can be negligible upon the
meta-atom separation, a, reaching 400 nm, which allows us to estimate the overall collective
response of an SRR metasurface composed of different structures with the average response
of individual composing elements. Therefore, based on the previously obtained responses of
100 random SRR samples for each level of roughness at a = 400 nm, we show the calculated
averaged spectra of σe in Figs. 4(b)-(d) correspondingly. For “fairly smooth” SRRs, the
average σe spectrum in Fig. 4(b) shows two distinct and smooth resonance features within
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FIG. 4. Histogram of the fitted resonance frequencies for the two modes of 100 SRR samples
constructed from 300 random spheres each (a). Averaged sheet electric conductivities of 100
sample SRRs formed by (b) 300, (c) 120, and (d) 60 random spheres.
profile roughness. According to the Lorentz fitting, the average magnetic and electric dipole
modes occur at ∼194 and 503 THz with corresponding Q-factors of 18 and 28, respectively
(see the Supporting Information, section II). The average response of σe for the 100 samples
of “moderately rough” SRRs is presented in Fig. 4(c). This sample also shows two distinct
major resonance features with well suppressed response in-between. We find the average σe
spectrum can still be described with the Lorentz model reasonably well and the fitting gives
the resonance frequencies of the two modes ∼172 and 445 THz, respectively, with both Q-
factors ∼8 (see the Supporting Information, section I). Therefore, despite the fact that the
“moderately rough” SRRs in general show quite complicated response spectra with multiple
hybridized and local resonance modes due to structural randomness, we observe very robust
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the variation from a large number of SRR sampling. Finally, when the SRRs are constructed
by only 60 spheres, reaching the “very rough” profile level, the average σe spectrum becomes
very noisy throughout the frequency band under investigation, as shown in Fig. 4(d), where
we cannot see any distinguishable resonance features. It is further instructive to visualize
the distributiion of resonance frequencies, line width, and peak absorptions for the studied
ensembles of random SRRs at all three disorder levels. This data and discussion is provided in
section VI of the Supporting Information and in perfect agreement with the result presented
above.
CONCLUSIONS
In conclusion, we have investigated the robustness of the optical responses for metamate-
rials made of meta-atoms with random morphological disorder and surface roughness, which
commonly exists in metallic nano-resonators fabricated with bottom-up approach. Specif-
ically, we develop an aggregated-random-spheres model to mimic the nucleated growth of
the metallization on the DNA origami templates for realistic, experimentally observed mor-
phological disorder and rough surface profiles. We show that while increasing structural
imperfections leads to progressive Gaussian broadening of the distribution of intended res-
onance frequencies of the meta-atoms and to the excitation of more hybridized modes, the
fundamental resonances of deeply subwavelength meta-atoms are remarkably robust against
morphological disorder and surface roughness. Only extreme disorder, causing the segmenta-
tion of SRRs, results in loss of a distinct resonant response of the fundamental mode. These
results are very inspiring toward achieving versatile practical metadevices with bottom-up
approach and will substantially encourage further experimental studies.
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